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ARTICLE INFO ABSTRACT

Editor: Marco Fiorentini The classical single-site lattice strain model fails systematically for light and middle rare earth elements (LREE
and MREE) in zircons from hydrous, phosphorus-undersaturated magmatic systems, predicting concentrations
one to three orders of magnitude below observed values. We develop a two-population model in which the bulk
partition coefficient is the mole-fraction-weighted sum of contributions from the ideal ZrOg site and a second,
enlarged site generated by REE3*-H* coupled substitution. Both sites are parameterised by independent Brice
parabolas; the fractional occupancy of the defect site, fg, follows a Langmuir saturation function of water content
with half-saturation constant Hp = 422 ppm. Initial calibration of defect-site parameters against the 32 published
SIMS spot analyses of Vema Fracture Zone oceanic gabbro zircons reported by De Hoog et al. (2014) gives an
unconstrained Nd/Lu optimum of r{*-H = 0.9916 A, Erpgn = 592.1 GPa, DREE-H— 344 5 (RMSE = 0.154 log1o
units), whereas physically constrained weighted global optimisation, within-grain REE-pattern inversion, and
DFT-consistent modest site expansion together indicate a preferred effective defect radius near 0.984 A with an
admissible envelope of ~0.975-0.993 A. Forward modelling defines a detection threshold in temperature-[H,0]
space below which the defect-site signal is unresolvable from geological noise, requiring [H2O0]z. > ~30-80 ppm
depending on temperature. The model predicts that in hydrous, P-undersaturated systems the REES*-H*
mechanism alone can produce Lag. exceeding 0.1 ppm through genuine lattice incorporation, demonstrating that
a fixed La threshold is not a universal inclusion-free criterion but depends on temperature, water content, and
melt La concentration. The charge-balance ratio deB = (REY-P)/REY, recoverable from routine LA-ICP-MS data
without water measurement, provides an independent estimate of defect-site occupancy and correlates with
water-based estimates where the REE>"-H' mechanism is active, thereby providing a quantitative test of
mechanism activation across natural systems. The model is applicable specifically to P-undersaturated, hydrous,
low-temperature magmatic systems where the REE>*—H" mechanism has been independently confirmed by FTIR
spectroscopy and charge-balance analysis.
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1. Introduction

Zircon (ZrSiO4) is among the most widely analysed accessory min-
erals in igneous and metamorphic petrology. Its chemical durability,
capacity for nanometre-scale compositional zoning, and suitability for
U—PDb geochronology make it a versatile archive of magmatic processes
(Watson and Harrison, 1983; Hoskin and Schaltegger, 2003). The
theoretical framework underpinning quantitative interpretation of
zircon trace element data is the lattice strain model of Brice (1975),

* Corresponding author.
E-mail address: ioan.sanislav@jcu.edu.au (L.V. Sanislav).

https://doi.org/10.1016/j.chemgeo.2026.123802

formalised for mineral-melt systems by Blundy and Wood (1994). In this
formulation, the partition coefficient of a trace element varies with the
elastic strain energy generated when the substituting ion deviates in
radius from the optimal radius of the crystallographic site, producing a
near-parabolic dependence of log D on ionic radius. Applied to the eight-
fold coordinated Zr*' site, the model successfully predicts HREE and
HFSE partitioning (Fig. 1a) and underpins Ce/Ce* oxybarometry (Trail
et al., 2012).

Despite this success, the single-site model consistently underpredicts
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LREE and MREE concentrations in zircons from hydrous, phosphorus-
undersaturated magmatic systems. Zircons from such systems show
Nd/Lu ratios substantially higher than single-parabola predictions
anchored to the HREE (De Hoog et al., 2014; Burnham and Berry, 2012).
The discrepancy is systematic, largest for the lightest REE, and correlates
with the water content of the host system (Fig. 1b) - strongly implying a
second incorporation mechanism.

That mechanism is the coupled REE3*-H™ substitution, in which a
trivalent cation and a proton jointly replace a Zr** ion, maintaining local
charge balance: REE>" + H' — Zr**. Three independent lines of evi-
dence support this mechanism: (i) characteristic OH absorption bands
near 3100 cm™! in hydrous zircons scale with REE content and are
reproduced by DFT calculations of the REE-OH defect geometry (Trail
et al., 2011; Balan et al., 2013); (ii) a near-unity molar ratio (H + P)/
(REY) in P-undersaturated natural zircons establishes H' as the domi-
nant charge-balance mechanism for excess REE3* (De Hoog et al.,
2014); and (iii) within single zircon grains, Nd/Lu and [H3O] covary
systematically across sector zones while HREE ratios remain flat,
providing causal evidence that the signal is water-driven rather than a
temperature or bulk-composition effect (De Hoog et al., 2014).

Elevated LREE in natural zircon can, however, arise from three
distinct causes: (1) the REE**_H* mechanism described above; (2)
xenotime-type substitution (REE>" + P°* - zr*™ + Si*"), which domi-
nates when P > REYy,; and (3) incorporation of sub-micron in-
clusions of La-rich phases (monazite, apatite, allanite) during analysis,
which Zou et al. (2019) showed is the most likely explanation for
La> 0.1 ppm in most published datasets. Distinguishing these three
causes requires simultaneous knowledge of P content, H,O content, and
FTIR band attribution - constraints rarely available together. A further,
microstructural pathway applies to deformed grains: atom probe to-
mography shows that crystal-plastic deformation can concentrate
incompatible trace elements such as Y, U, Al and Pb along dislocations
and dislocation arrays in zircon (Piazolo et al., 2016), producing sub-
micron trace-element heterogeneity unrelated to primary growth. The
present model accordingly applies to undeformed magmatic zircon, in
which such redistribution is absent.

Here we develop a physically grounded two-population lattice strain
model for the REE3'-H' mechanism, calibrated against the only
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published natural dataset satisfying all required conditions: the De Hoog
etal. (2014) Vema Fracture Zone oceanic gabbro zircons, in which SIMS
measurements of [H,O], P, and a full REE suite are available in the same
analytical spot, FTIR confirms that the 3100 cm™! band dominates, and
Piol < REYy,, throughout. We demonstrate that the model: (i) re-
produces the observed Nd/Lu-H,O covariation with RMSE =0.154
log1 units and no systematic offset; (ii) defines a quantitative detection
threshold in temperature-H,O space; and (iii) independently predicts an
upper limit on La incorporation via this mechanism consistent with the
Zou et al. (2019) inclusion-free threshold.

An Excel-based implementation of the defect-modified lattice-strain
model is provided as Supplementary Material, allowing users to calcu-
late defect-site fraction, predict REE partitioning, and assess model
applicability for their own datasets.

2. The two-population lattice strain model
2.1. The classical single-site framework and its failure
The lattice strain model expresses the partition coefficient D;i of a

trace element in terms of the elastic strain energy generated by ionic
radius mismatch:

N,E
Di = Doexp{ — 4n A |:r£

RT 2(ri = T‘o)2 +%(ri - ro)ﬂ } 1)

where Dy is the strain-free partition coefficient for an ion of ideal radius
ro, E is the apparent Young's modulus of the substitution site, Ny is
Avogadro's number, R is the gas constant, and T is absolute temperature
(Blundy and Wood, 1994; Wood and Blundy, 1997). Eq. 1 applies to a
series of ions of a single valence; both Dy and E depend strongly on the
charge mismatch between the substituent and the host site, so a separate
parabola is required for each cation charge (Blundy and Wood, 1994). In
the present model the relevant series is the isovalent REE>" group
substituting onto the Zr*" site. Applied to the ZrOg dodecahedron, the
model reproduces HREE partitioning with high fidelity, with r{¥E-P=
0.9445 A and Eggg_p =517 GPa established by Streicher et al. (2023)
from kernel density estimation across 39 published datasets, and
DREE-Pfollowing the empirical temperature calibration:
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Fig. 1. Failure of the classical single-site lattice strain model for LREE partitioning in zircon. (a) Onuma diagram at T = 1295 °C showing partition coefficients from
the dry andesitic melt experiment of Burnham and Berry (2012). All 14 measured REE3* fall on the classical Blundy—-Wood parabola (ro = 0.9445 A, E=517 GPa,
Do = 4.67; RMSE = 0.020 log; units), confirming that a single lattice site describes partitioning in the absence of water. Ce and Eu are shown separately as mixed-
valence elements. (b) REE patterns for De Hoog et al. (2014) Vema gabbro zircons, chondrite-normalised (McDonough and Sun, 1995) and then normalised to Lu
(Lu=1), grouped by [HyOlzrc. MREE (Nd—Gd) are systematically elevated relative to the HREE with increasing [H,O1, while the heavy-REE (Er—Lu) patterns
remain subparallel; La—Pr lie near analytical detection (La/Lu= 1075). This water-correlated MREE enrichment is the diagnostic signature of the REE3TH"

mechanism and cannot be reproduced by a single Brice parabola.
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(Streicher et al., 2023; R?>= 0.768, n = 39). These parameters are not
free in our model.

The failure of the single-site model for LREE is illustrated by two
contrasting datasets. Burnham and Berry (2012) measured partition
coefficients for 14 REE in a dry andesitic melt at 1295 °C; La falls on the
HREE-anchored parabola with D(La) =0.002, consistent with the
lattice-only prediction (Fig. la). Thomas et al. (2002) determined
partition coefficients from SIMS analyses of natural melt inclusions in
zircon from a hydrous tonalitic melt (~940°C, 4-9 wt% H30); their
median D(La) = 0.05, roughly 25 times above the temperature-corrected
lattice prediction. Phosphorus is below detection limits in these zircons,
ruling out xenotime substitution. The excess must reflect an additional
incorporation mechanism active in the hydrous system.

2.2. Two-population partition coefficient

We conceptualise zircon as containing two distinct populations of
substitution environments: a P-balanced population on a near-ideal ZrOg
site (REE>* charge-compensated by P>*), and an H-coupled population
on a more strongly expanded site generated by REE>*—H™" substitution.
DFT calculations show that REE incorporation drives mean Zr—O bond
elongation, expanding the effective site radius (Balan et al., 2013). The
structural consequence is an enlarged site that preferentially accom-
modates MREE and LREE relative to the P-balanced site.

At thermodynamic equilibrium the bulk partition coefficient is the
mole-fraction-weighted average:

D; = (1 —f;)-DREE-P 4 f, DREE-H @)

where fq is the fraction of REE residing on the H-coupled (REE—H) site.
Here and throughout, the superscripts “REE-P" and “REE-H" denote the
two REE point-defect populations, charge-balanced respectively by P>*
(xenotime-type substitution) and by H'. Both place REE>* on the Zr**
site and deform the host ZrOg polyhedron, the REE-H population more
strongly. Both DREE-P and DREE-H follow Eq. (1) with their respective site
parameters. The model reduces exactly to the classical single-site
formulation when fg4 = 0.

The sensitivity structure of Eq. (3) is the model's primary diagnostic
prediction (Fig. 2a). For LREE (La, r=1.160 A), DREE-P (La) ~ 0.004 at
787 °C - orders of magnitude below DREEP for HREE. Even a modest
defect-site contribution elevates La substantially. For HREE such as Lu
(r=0.977 10\), the radius lies near the apex of both the lattice and the
defect parabola, so the strain term is small at each site and the defect-to-
lattice ratio approaches that of the strain-free prefactors, DREEH(Lu)/
DREEP(1u) ~ DEEEH /DREE-P , 0.17 (Fig. 2b). Because this ratio is nearly
the same for all HREE, which cluster near both apices, increasing fq
scales the HREE together (at fy = 0.5 their bulk partition coefficients fall
by ~ 40% relative to the dry lattice) and leaves HREE/HREE ratios such
as Yb/Lu almost unchanged, so Lu acts as a near-invariant denominator.
The defect site enhances partitioning only for the LREE and MREE,
which lie far from both apices (e.g. DREE-H(NQ) /DREEP(Nd) ~ 2.5), 0 fq
raises Nd/Lu strongly. This differential sensitivity, LREE-MREE strongly
responsive, HREE-internal ratios insensitive, is the signature of the
REE>*-H™ mechanism and underpins Nd/Lu as its primary observable.

The defect-site partition coefficient is described using an analogous
lattice strain formulation:

\REE-H __ 'E—H
DfFE-H = D

NaEggr-n [1 1
. exp{ _ A /;Q;EE H |:§r§EE—H (T'i _ rgEE—H)z +§(T‘i _ rgEE—H)3:| }

(€3]

where DREE-H REE-H and Epgg y are the defect-site analogues of the
lattice strain parameters.
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Combining Egs. (1), (3) and (4), the full defect-modified lattice strain
model can be written as:
47NpEgge_p -
A ) |

'NAE,
+degEE—Hexp{ _ % ?’(ri, rgEE—H) }

Di=(1 *fd)D)erEfPexp{
%)

where ¥(r;,ro) = Iro(ri —r0)2 + 3 (r; —10)3 is the Brice elastic strain
term.

2.3. Defect-site parameters

The defect-site Young's modulus is derived from the same Hazen—
Finger polyhedral bulk modulus relationship used for the lattice site
(Streicher et al., 2023), which relates E to the site radius:

Erggn = Q- (ro + 157" H) - (6)

where ro = 1.38 A is the ionic radius of oxygen (Shannon, 1976) and
Q=6489 +27 GPa A3 is calibrated by Streicher et al. (2023). Once
rEE-His fixed, Eq. (6) defines a physically constrained estimate of
Egrge u. We use this relation in the weighted global optimisation and
within-grain pattern-shape inversions below; for comparison, we also
report the unconstrained Nd/Lu optimum obtained when Egrgg g is fitted
directly. This leaves three effective parameters to be calibrated from
natural data: rREE-H DREE-H and f4, with Eggg_p either fitted directly or
linked to rREEHthrough Eq. (6).

We emphasise that rR-Hcannot be derived from published DFT
calculations. DFT studies (Balan et al., 2013) compute O—H bond
lengths within specific defect geometries, not the Brice optimal radius
for the REE3™ series at the defect site. The defect-site DFT calculations
required to constrain ri¥t—Hfrom first principles — formation energies for
all 14 REE at the [REE-Og/H] site - have not been published. Published
DFT bond lengths nevertheless provide a weak geometric prior: they
imply only modest expansion of the defect environment relative to the
ideal ZrOg site, consistent with a small positive shift in effective site
radius rather than a large displacement into the extreme LREE domain.
In this sense DFT is used here as an independent consistency check on
the magnitude of site expansion, not as a direct source of Brice
parameters.

2.4. Langmuir occupancy function

The defect fraction fy must satisfy: 0 <f3<1; fq— 0 as [Hy0] — 0;
and f4 should saturate at high [HyO]. Treating defect site creation as a
Langmuir equilibrium between ideal and REE-H occupied Zr sites
yields:

[H2Oggs

- [HzO]REE +Hp @

fa

where [HyO]ggg is the water component coupled to REE>* charge bal-
ance (corresponding to the 3100 cm ™! FTIR band; De Hoog et al., 2014;
Cui et al., 2023), and Hy=422ppm is the half-saturation constant,
estimated by equating Eq. (7) with the independent charge-balance
defect-site fraction (Eq. (8)) for the De Hoog et al. (2014) dataset
(Fig. 2c). Both [HyOlgeg and Hy are expressed as parts per million by
weight of equivalent H,O (wt ppm H30), following the FTIR convention
of De Hoog et al. (2014) and Trail et al. (2011); because fg depends only
on their ratio, its value is independent of this choice provided the two
are expressed in the same units. Because this estimate is weakly con-
strained (a few hundred ppm) and Hy trades off with D§E 1, we fix
Ho = 422 ppm within this range; the calibration and all predictions are
invariant to the choice across 200-600 ppm. When only SIMS total
[Hy0] is available and FTIR band-specific data are absent, [HyOlgrgg
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Fig. 2. Two-population lattice-strain model incorporating defect-mediated REE
incorporation. (a) Ideal lattice-site (solid blue), defect-site (dashed red), and
bulk partitioning (green; Eq. 5) shown for the preferred physically constrained
parameter set at 787 °C and fq = 0.50. Shaded region indicates the observed
within-grain centroid of REE-pattern excess (1.067 £ 0.011 10\), demonstrating
that defect-related enrichment is centered in MREE radius space and requires
only modest expansion of the ZrQOg site. (b) Ratio DREE-H DREE-P 5010ss the REE
series calculated from the same parameter set, showing moderate but system-
atic enhancement toward larger ionic radii, with strongest amplification for
Nd—La and strong suppression of HREE (ratio ~ 0.17). (c) Langmuir-type
defect-site occupancy function (Eq. 7) relating defect fraction fq to zircon
H,0 content, with sensitivity to Hy =422 4+ 100 ppm and the range of the De
Hoog et al. (2014) dataset indicated. The two marked points are the half-
saturation point (f4=0.50, where [H20l,c=Hp=422ppm) and the
maximum defect-site fraction reached in that dataset (f4=0.74, at the highest
measured [Hy0],~ 1212 ppm); the latter sets the upper bound used for the
maximum-La estimate in Section 4.2. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.) (For interpretation of the references to colour in this figure legend, the
Eeader is referred to the web version of this article.)

should be estimated as min([H2O]otal, REYmol — Pmo1) 0N @ molar basis,
where REYjo —Pmol is the charge-balance excess requiring H'
compensation (De Hoog et al., 2014), with [HoOlota taken as moles of
H*' (two per HyO molecule; molar mass 18.015 gmol’l) and one H*
required per excess REE>". Where the zircon contains enough P for
xenotime-type substitution to balance all the REE (Ppo > REY),
[H2Olgeg ~ 0 and the model predicts no defect-site signal.

Eq. (7) is not an empirical fit but follows from treating the two
charge-compensation states of a REE* jon on the Zr*" site as a local
equilibrium. A given REE3" is compensated either without hydrogen —
by coupled substitutions such as P°* = Si** (the ideal lattice site of
Section 2.2) - or by a proton, through the substitution REE>" + H* =
Zr** that produces the 3100 cm ! OH band and the near-1:1 trivalent-
cation-to-hydrogen correlation observed in synthesis experiments (Trail
et al., 2011; De Hoog et al., 2014). Writing the interconversion as
REEgrggp +H' + Sitt= REEggg 1 + P°F, in which the P>* released from
the tetrahedral site is replaced by Si**, and with the proton supplied
from the REE-coupled water reservoir of effective concentration
[H2Olggg, mass action gives an equilibrium constant K = [REEggg yl1/
([REERgE-p]-[H2Olggg), so that fg=K[H2Olrer/(1 + K[H20]grer) - Eq.
(7) with Ho = 1/K. The half-saturation constant Hy is therefore the in-
verse of this equilibrium constant - the value of [HyO]rgg at which half
of the REE are H-coupled. A saturating (Langmuir) form is required
rather than a linear, Henry's-law dependence because the REE popula-
tion is finite: as water increases, every REE site is eventually proton-
compensated, so fq is bounded by unity and must level off. The treat-
ment assumes local equilibrium and a single equilibrium constant in-
dependent of REE loading - that is, dilute, non-interacting sites, which
are the standard Langmuir assumptions. Formally this is the same mass-
action speciation step used to describe the HoOpelt + Omelt = 20Hpelt
equilibrium in silicate melts (Stolper, 1982).

2.5. Charge-balance diagnostic

When FTIR and SIMS H;0 measurements are both unavailable, the
charge-balance ratio:

CB __ REYmol - Pmol

= ml = Tmol 8
d REYmal ( )

provides an estimate of fg from routine LA-ICP-MS data alone. This
follows directly from the stoichiometry of the REE3*-H" mechanism:
each H' charge-balances one REE>" in excess of what P5* can accom-
modate via xenotime substitution (De Hoog et al., 2014). When deBS 0,
xenotime substitution is sufficient and the H*-coupled mechanism is not
required. The behaviour of this proxy and its relationship to
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independent estimates of fq are examined in Section 4.3.

It is useful to set Egs. (7) and (8) within the single mass balance from
which both follow. Charge compensation of REE>" on the Zr*" site
proceeds either by P> (the xenotime substitution REE®* + P5* = Zr*+ +
Si*") or by H* (REE3* 4+ H* = Zr**; Section 2.4). The number of H-
compensated (defect) REE is therefore the REE in excess of P, but no
greater than the available REE-coupled water can support, so the defect
fraction is bounded by fq < min([H2Olgrgg, REYmol — Pmol)/REY ] 0N a
molar basis - [H],.. and the REE excess are coupled, not independent.
The charge-balance ratio of Eq. (8), (REYmol — Pmol)/REYmol, is the
water-abundant limit of this expression and hence an upper bound on fg:
it is reached only when REE-coupled water is sufficient to compensate
every excess REE. Eq. (7) describes how fyq approaches this ceiling as
REE-coupled water increases, in smooth (Langmuir) form with crossover
scale Hy fixed by matching the two on the De Hoog et al. (2014) dataset;
because the [HyO]grgg it takes as input is itself capped at REY o] — Pmol
(Section 2.4), the water-based and charge-balance estimates are not
independent. The two therefore correlate and agree near the calibration,
but the charge-balance estimate exceeds the water-based one where
water is limiting (low [H20]), as observed in the De Hoog dataset
(Section 4.3).

3. Calibration against natural data
3.1. The De Hoog et al. (2014) dataset

De Hoog et al. (2014) measured [H20] and a full suite of trace ele-
ments by SIMS in 34 spots across nine zircon grains from Fe—Ti oxide
gabbros of the Vema Fracture Zone (Mid-Atlantic Ridge, 11°N), part of
the Vema Lithospheric Section. The grains span [H30] from <25 to
1212 ppm. Two spots (L3 spot 3; XL2 spot 3) lack measured H,O and are
excluded from calibration, leaving 32 usable spots.

The dataset satisfies all required conditions for the REE3"-H*
mechanism. The molar ratio (H + P)/REY has a median of 1.02, con-
firming that REE charge balance is achieved jointly by H" and P>, In31
of 32 spots, Py < REYp,, so the REE excess not accommodated by
xenotime substitution ranges from O to 97% of total REY. FTIR spectra
show a dominant 3100cm™! band with only a minor 3200cm™!
contribution, consistent with REE>T-H* coupling being the principal
water incorporation mechanism (De Hoog et al., 2014; Cui et al., 2023).

Across all 32 spots, Nd/Lu (x10%) shows a strong positive Spearman
correlation with [H20] (rs = 0.86, p < 0.001). The strongest causal evi-
dence comes from grain L16, which shows a 17-fold decrease in [Hy0]
from core (1201 ppm) to rim (70 ppm), accompanied by a 5-fold
decrease in Nd/Lu (27.3 to 5.3 x 10%), while Yb/Lu changes by less
than 10% across the same transect. The within-crystal setting removes
inter-grain analytical bias, and the near-constant Yb/Lu points to a
stable melt HREE pattern; the covarying Ti-in-zircon temperature is
assessed explicitly below. This pattern is systematic across the dataset: in
every grain with a core-to-rim transect, both [H20] and total REE
decrease from core to rim — by up to ~35-fold and ~ 18-fold, respec-
tively — and across all 31 spots [H2O] correlates strongly with total REE
(Spearman rg=0.85) and Y (rs=0.87). This coupled depletion is the
expected signature of the REE>T_H' substitution operating during
growth: as the melt REE budget is progressively depleted, the charge-
balancing H" incorporated into the zircon declines in step. Crucially,
the effect is not simple dilution — the MREE/HREE ratio Nd/Lu falls 3- to
5-fold core to rim and correlates strongly with [HyO] (rs=0.83),
whereas the HREE/HREE ratio Yb/Lu varies only marginally (<15% per
transect; rs=0.51). The water-correlated signal is therefore specific to
MREE enrichment, as expected if H' availability governs occupancy of
the enlarged defect site rather than the bulk REE content. Ti-in-zircon
temperature also declines from core to rim, but lattice-strain partition-
ing across the observed range reproduces only a ~ 2.6-fold variation in
Nd/Lu against the ~17-fold range observed; Nd/Lu remains strongly
correlated with [Hp0] after controlling for temperature (partial
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rs=0.77), whereas the residual correlation with temperature is negli-
gible (partial rs=0.16). The MREE signal therefore reflects water-
controlled defect occupancy, not the covarying temperature.

We stress that this dataset constitutes the calibration set for our
model - not an independent validation. The defect-site parameters are
fitted to these 32 points. Because De Hoog et al. (2014) did not analyse
the melt from which these zircons grew, we do not derive zircon-melt
partition coefficients from their data; the calibration observable is
instead the intra-zircon ratio Nd/Lu and its covariation with [H50]. As
the Vema zircons are comagmatic, the parental-melt REE pattern is
approximately common to all spots and enters this ratio only as a near-
constant scaling, so the fitted Nd/Lu variation tracks the water-driven
defect fraction fg rather than melt evolution. The within-grain L16
transect, in which the melt is fixed by construction, confirms the [HyO]-
Nd/Lu covariation independently of any melt-composition assumption.
Sections 3.2-3.3 characterise the calibration performance and its
limitations.

3.2. Calibration of defect-site parameters

We first calibrate rR®6-H, Eppp i, and DREE-Hby minimising the root-
mean-square error in logijo(Nd/Lu) across the 32 spots, with
Ho =422 ppm held fixed at the value estimated in Section 2.4 (inde-
pendent of the Nd/Lu calibration) and temperature fixed at 787 °C (the
mean Ti-in-zircon temperature of the 34 De Hoog et al. (2014) spots,
calculated from their reported Ti concentrations using the Ti-in-zircon
thermometer of Watson et al. (2006) as recalibrated by Ferry and
Watson (2007) with aTiO2=0.6 and aSiO>= 1.0, values appropriate
for the ilmenite-bearing, rutile-absent Vema gabbros). The Ti-in-zircon
temperatures of these spots span ~700-865°C rather than a single
value; refitting the calibration with spot-specific temperatures leaves the
RMSE essentially unchanged (0.154 log; o units) and shifts the defect-site
radius by less than its uncertainty, so the fixed-temperature approxi-
mation does not bias the result. Initial values of rR¥t~Hwere guided by
DFT estimates of Zr—O bond elongation in the REE3*-H* defect envi-
ronment (Balan et al., 2013), which constrain ri¥(-Hto be modestly
larger than r§f-F. The unconstrained Nd/Lu optimum is:

rREE-H — 0.9916 A, Epgpyy = 592.1 GPa, DRFEH — 3445

For comparison, the ideal lattice site has rRPEP — 0.9445 /o\,
Egrge_p = 517 GPa and D5 = 297.6 at 787 °C; the defect-site optimum
thus represents only a modest expansion in optimal radius (~0.05 A).
These give RMSE = 0.154 log;o units across 32 spots (Fig. 3), with no
systematic offset between predicted and observed Nd/Lu. All parameter
values used in this study are collected in Table S1.

The unconstrained optimum places the defect-site parabola peak
close to the MREE (around Ho) and reproduces the observed Nd/Lu-H,0
covariation with no systematic offset. Nd/Lu is adopted as the calibra-
tion observable rather than a La- or Ce-based ratio because La, Ce and Pr
occur at low concentrations in zircon and are the most susceptible to
inclusion contamination and analytical uncertainty, whereas Nd and Lu
are analytically robust (see Section 5.3). However, Nd/Lu alone pri-
marily constrains enrichment amplitude, not the detailed position of the
defect parabola. When the weighted global optimisation, Lu-normalised
within-grain ratio-of-ratios, peak-position proxy, and DFT-consistent
modest site expansion are considered together, the preferred effective
defect radius shifts slightly lower to ~0.984 A, with an admissible en-
velope of approximately 0.975-0.993 A. The strongest geometric signal
in the De Hoog dataset is an MREE-centred enrichment in the Nd-Sm-Gd
region rather than the extreme La tail. The resulting lattice-strain and
defect-site parameters, including unconstrained and physically con-
strained solutions, are summarized in Table S1. Parameter values in
Table S1 were obtained by direct forward modelling and grid search
minimization of Nd/Lu misfit, with additional constraints imposed by
REE pattern shape and peak position.
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(x10%) vs [H20] . (ppm). The solid blue curve shows a physically constrained solution (r¥¥%~"= 0.98568 A, Ergr11 = 490.1 GPa, DREE-H— 40.58) consistent with the
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[H,0] = 1201 ppm, Nd/Lu = 27.3 x 10%; rim: [H,0] = 70 ppm, Nd/Lu = 5.3 x 10), constituting within-grain evidence for the mechanism. The model reproduces the
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3.3. Parameter uncertainty and LREE prediction reliability

The calibration problem is partially non-unique because r&*:-Hand
Erge_y both influence the curvature and position of the defect parabola.
Nd/Lu robustly captures the existence and magnitude of defect-related
enrichment, but it under-resolves the position of the parabola peak if
used alone. Lu-normalised ratio-of-ratios and within-grain differential
REE patterns carry additional geometric information because they
respond to curvature across the Nd-Sm-Gd-Dy segment of the spectrum.

The unconstrained Nd/Lu-only fit gives a broad Hessian-based 95%
interval of [0.933, 1.051] A, but this overstates the standalone uncer-
tainty on site geometry because r&f and Eggg_y trade off against each
other in the fit: a wide range of (ro, E) combinations reproduces the Nd/
Lu data almost equally well, so the radius appears poorly constrained
only because E is left free. Under the physically constrained E(rp) rela-
tion, weighted global optimisation and within-grain pattern-shape
inversion narrow the admissible range to ~0.975-0.993 A and favour an
effective radius near 0.984 A. LREE predictions therefore remain more
uncertain than Nd/Lu or the general MREE shape, but the present
dataset does constrain the defect-related enrichment to a modestly
enlarged, MREE-centred site rather than an arbitrary broad LREE-facing
parabola. Table S1 further documents the admissible parameter space
and illustrates how covariance between R~ and Eggg_p is reduced by
incorporating physical constraints and REE pattern shape information.

For Nd (r=1.109 A), which is only 0.17 A from rREE-H_ the uncer-
tainty is much smaller and Nd/Lu predictions are robust. The model's
reliable observables are thus Nd/Lu and the general MREE shape, not
absolute LREE concentrations.

4. Model predictions
4.1. Detection threshold in temperature-H20 space

To map the conditions under which the REE3*-H* mechanism leaves
a resolvable imprint on the zircon REE pattern, we compare the signal it
produces in Nd/Lu against the natural scatter in that ratio. The signal is
the predicted enrichment of Nd/Lu relative to the mechanism-free
(fa=0) baseline:

Signal = log,, (Nd/ Luwe[> 9)

Nd/Lll,j,y

where Nd/Luye; is the model prediction at a given [H,O] and temper-
ature, and Nd/Lug,y is the lattice-site-only baseline (fq = 0). We define
the detection threshold as the minimum [H30] at which the signal ex-
ceeds twice the root-mean-square geological noise estimated from
scatter in the De Hoog calibration (c = 0.20 log;( units, taken conser-
vatively to avoid circularity with the noise estimate from calibration
residuals).

Fig. 4 shows the signal as a filled contour map in temperature-[H,0]
space, with the 20 detection boundary as a dashed curve. Two published
systems are plotted:

e De Hoog et al. (2014): 787 °C, [H3O] . up to 1212 ppm — well above
threshold.

e Thomas et al. (2002): ~940°C, melt Hy0 =4-9 wt% — above
threshold, but zircon H,O unmeasured and REE scatter large (IQR
~1 order of magnitude per element), preventing fq recovery -signal
present, unresolvable.

The detection threshold maps the specific conditions under which
Nd/Lu can serve as a proxy for fg. Systems above the boundary have a
measurable defect-site signal; those below do not. This quantitative
boundary was not previously available and provides clear applicability
criteria for the model.

A counterintuitive feature of the map is that the signal increases with
temperature at fixed [HoO]. This occurs because the exponential strain
term in Eq. 1 scales as E/T, so a higher temperature reduces the strain
penalty; since Nd lies much farther from ri> * than Lu, the reduction is
larger for Nd, raising DREE-P(N() relative to DRFEP(Lu) and elevating the
dry baseline Nd/Lu (the prefactor D{){EE’P cancels in this ratio). At the
same time DgEE’P decreases with temperature (Eq. 2) toward DgEE’H,
which we hold temperature-independent because the defect site is
calibrated at a single temperature (787 °C); since the Nd/Lu signal is
governed mainly by the strain term, this assumption has only a sec-
ondary effect on the detection map. The defect site becomes relatively
more competitive and DREEP(1,1) approaches DREEH(11). The relative
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defect-site enhancement of Nd/Lu therefore grows at higher T, making

the signal easier to detect - but only if [HyOl, is sufficient. Diot(La) = (1~ fa)Drge-p(La) + faDree-(La) 10)
At 787°C the model predicts a strong increase in Dy (La) with
4.2. Upper limit on La incorporation via H+-coupled substitution increasing defect-site fraction, while the lattice-only baseline remains
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Fig. 5. Defect-mediated enhancement of La incorporation in zircon and implications for the Zou et al. (2019) threshold. (a) Total La partition coefficient (Do(La)) as
a function of defect-site fraction (fy), showing linear mixing between the lattice endmembers (DREEP ~ 0.004, at f;=0) and the pure defect-site endmember
(DREEH _ 0,121, the f; =1 limit). Over the calibrated range (fq < 0.74) Dyy(La) rises from 0.004 to 0.090 - roughly four-fold by f4~ 0.1, and more than an order of
magnitude (~23x the lattice value) at the maximum f4~0.74 implied by the calibration dataset demonstrating the sensitivity of LREE partitioning to minor
structural modification of zircon. (b) Zircon La concentration (La.) as a function of melt La concentration (Lape). Model trajectories are shown for f3 =0, 0.10, 0.50
and 0.74 (Lage = Dyor(La) x Lape); the fg =0 line is the dry, lattice-controlled baseline (La,. = DREEP(La) x Laper). The shaded band on the fq=0.74 trajectory
spans the constrained admissible defect radius (rSef =0.975-0.993 fk; DREE-H(1,2) = 0.024-0.137), indicating the range of maximum-f4 predictions consistent with the
integrated geometric constraints. Symbols are paired melt-inclusion (MIZ) and host-zircon (ZRC) analyses from Gudelius et al. (2020), coloured by whether La,,. lies
above (red) or below (purple) the empirical threshold of La,.. = 0.1 ppm proposed by Zou et al. (2019) (solid red line), above which zircon analyses are commonly
interpreted as contaminated by micro-inclusions. Most Gudelius data fall along or below the lattice baseline, consistent with f4 =~ 0. However, the model predicts that
under elevated defect-site fractions (e.g. hydrous, P-undersaturated systems) La,, can reach or exceed 0.1 ppm through structural, defect-coupled incorporation
rather than micro-inclusion contamination, demonstrating that the Zou et al. (2019) threshold is not universally diagnostic but depends on melt composition and
defect-site abundance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in apparent La compatibility (Fig. 5a).
Dp(La) = 0.26 X 0.004 +0.74 x 0.121 = 0.091 ~ 0.09

The geological consequence is that La,,. scales with both Dyy(La) and
Lapelt- Fig. 5b therefore presents a family of trajectories in Lag—Lamelt
space rather than a single fixed cutoff, with the dry lattice prediction
defining the low-fq limit and increasing fq shifting zircon La upward at
constant melt composition.

For granitic melts with Lape|s &~ 50-200 ppm, the mechanism could
theoretically produce La,;. up to several ppm. However, the mechanism
is suppressed only where the zircon itself reaches Py, & REY ), S0 that
REE charge balance is carried by P rather than H' (as in the granitoid
zircons of Meng et al., 2021); melt phosphorus saturation alone does not
ensure this, since zircon crystallising even from apatite- or monazite-
saturated melts can still incorporate excess REE balanced by H' (De
Hoog et al., 2014; Section 5.2).

The key result is that the Zou et al. (2019) threshold corresponds
approximately to the dry, lattice-dominated limit rather than to a uni-
versal boundary. In hydrous, P-undersaturated systems with elevated
defect-site fractions, the REE>*—H" mechanism can raise La,,. above the
dry-lattice prediction without requiring inclusions, whereas in dry or P-
saturated systems the model collapses back toward the classical limit.

The exact Lay. reached at a given Lape depends on defect-site
fraction, temperature, and uncertainty in defect-site geometry, so
Fig. 5 should be interpreted as a physically bounded envelope rather
than as a single deterministic cutoff.

4.3. The charge-balance proxy for f4

Fig. 6 compares two independent estimates of the defect-site frac-
tion: the charge-balance estimate gB: (REY — P)/REY and the water-
based estimate 520: [Ho01/([H201 + Hp). In the De Hoog system the
two estimates correlate strongly (rs ~ 0.7, p < 0.001), whereas granitoid
zircons from Xia et al. (2021) show no meaningful correlation
(rs=—-0.13, p=0.23).

The physical reason is straightforward: in the De Hoog dataset, H' is
the dominant charge-balancing mechanism for REE®" not accommo-
dated by P°*, so charge-balance and water-content estimates of fg
recover the same underlying variable. In the Xia dataset, by contrast,
total HyO is decoupled from REE excess over P, indicating that the
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measured water is hosted largely by alternative defect populations
rather than by the REE**-H* mechanism.

Fig. 6 is therefore a mechanistic validation figure rather than a
calibration plot. Agreement between fPand ffzo in De Hoog dataset
demonstrates that the defect-site fraction is a measurable physical
quantity where the mechanism is active, whereas their decoupling in Xia
dataset identifies a regime in which the same model should not be
applied. In that regime D(La) cannot be reliably predicted from either
proxy: the water-based estimate overestimates the defect-site fraction
because most of the water is not REE-coupled, while the charge-balance
estimate cannot distinguish REE excess balanced by H* from excess
balanced by other cations such as AI** or Fe>*, and so also overestimates
it unless H'-coupling is independently confirmed (e.g. by FTIR).

5. Discussion

5.1. The long-standing problem of REE excess over P and competing
charge-balance mechanisms

The observation that REE + Y (mol) systematically exceeds P (mol)
in natural igneous zircons predates the present model by more than two
decades. Hoskin and Schaltegger (2003) compiled extensive trace-
element data for igneous zircon and noted explicitly that the xenotime
substitution (REE3" + Po+ = Zr*t 4 §i**) could account for only part of
the REE budget in most samples. They proposed interstitial AI>" and
Fe®' as the most likely additional charge-balance mechanisms, calcu-
lating that ~380 ppm interstitial Al would be required to charge-balance
all excess REE>T in their Boggy Plain Zoned Pluton zircons. Such
abundances far exceed the Al now measured in natural zircon — aver-
aging ~1 ppm in metaluminous (I-type) and ~ 10 ppm in peraluminous
(S-type) grains, and only rarely exceeding a few tens of ppm (Wang and
Trail, 2019) - so interstitial Al can supply this balance only exception-
ally. They also noted, presciently, that “hydrous species, play an
essential role in REE and Y substitution,” though they did not pursue this
quantitatively. The H" mechanism documented by De Hoog et al. (2014)
and modelled here is therefore not the only possible charge-balance
pathway for excess REESY, and competing mechanisms constrain
where the present model applies.

The critical distinction is compositional. In the Fe—Ti oxide gabbros
of the Vema Fracture Zone, Al, Fe, Mg, and Nb are below or near SIMS
detection limits, contributing less than 2% of the total charge balance
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Fig. 6. Comparison of defect-site fraction estimated from water content and charge balance. (a) De Hoog et al. (2014) dataset (32 spots, 9 grains). The charge-
balance estimate deB: (REYmol — Pmol)/REY o is compared to the water-based estimate ﬁle: [H201/([H20] + Hp) with Ho =422 ppm. The dashed line shows
1:1 correspondence and the shaded band indicates +0.10. A strong positive correlation is observed (rs = 0.71; p < 0.001). (b) Xia et al. (2021) dataset (83 filtered
paired spots). The same comparison shows no significant correlation (r;= —0.13; p = 0.23), reflecting decoupling between REY and P in systems where P ex-

ceeds REY.
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(De Hoog et al., 2014). In such geochemically clean, mafic oceanic
systems, H' emerges as the dominant additional charge-balance mech-
anism by default. In granitic systems — the dominant setting for most
published zircon REE datasets - the situation is commonly reversed. P
contents are higher — especially in S-type (peraluminous) suites, whose
melts are P-rich (Burnham and Berry, 2017) — and often approach near-
stoichiometric xenotime saturation, so excess REE>" is increasingly
charge-balanced by P°* rather than by H*; Al and Fe, though more
variable in evolved melts, remain minor in most zircon (typically a few
tens of ppm or less; Wang and Trail, 2019). The present model's cali-
bration in an Al-poor, P-undersaturated oceanic gabbro system should
not be extrapolated to granitic systems without first demonstrating that
Al, Fe, and xenotime substitution are negligible, as the model cannot
distinguish among these competing mechanisms from REE patterns
alone.

This limitation is more severe than it might initially appear.
Burnham and Berry (2012) explicitly note that their dry andesitic melt D
values are “unsuitable for modelling REE behaviour in granitic systems
owing to the expected theoretical dependence of D on temperature.” By
analogous reasoning, calibration of the H'-coupled mechanism at
787 °Cin an oceanic gabbro does not transfer directly to granitic systems
crystallising at 650-750 °C with different melt structures and competing
charge compensators. The three-criterion screening outlined above - P-
undersaturation, sufficient [H0l,., and absence of competing com-
pensators - is a necessary but not sufficient set of conditions; indepen-
dent FTIR confirmation remains the gold standard.

5.2. Reconciling experimental LREE partition coefficients with the H' -
coupled mechanism

One of the most persistent puzzles in zircon geochemistry is the
systematic discrepancy between experimentally measured LREE parti-
tion coefficients and those derived from natural phenocryst-matrix
pairs. Luo and Ayers (2009), working with hydrous peralkaline rhyolitic
melts over 800-1300°C, measured D(La)=0.06-0.95 and D(Lu)/D
(La) = 27-206, far less fractionated than the value of 706,522 for a
natural zircon-dacite pair (Sano et al., 2002). They attributed this
discrepancy to kinetic disequilibrium: rapid laboratory growth rates
generated diffusive boundary layers enriched in incompatible LREE
adjacent to the growing crystals, with Péclet numbers ~1.3 suggesting
boundary-layer effects were active. Burnham and Berry (2012) disputed
this interpretation for their dry andesitic experiments — their DREE
patterns show much steeper La-to-Lu slopes (mean log(Dy/Dr,) = 3.5)
more consistent with natural values - but agreed that kinetic effects
could explain the shallower slopes in Luo and Ayers (2009).

The H'-coupled mechanism offers a complementary explanation for
elevated LREE in hydrous experiments that does not require invoking
disequilibrium. The Luo and Ayers (2009) experiments used hydrous
melts (~6wt% HpO added) and were conducted in the presence of
monazite in 8 of 12 charges, providing both H" and P> as potential
charge-balance mechanisms for REE>" incorporation. If the mechanism
is active in the laboratory as in nature, then at [HoOlmpelt = 6 Wt%, the
corresponding [H20l,;. could be 200-800 ppm (depending on the zir-
con-melt water partition coefficient), placing the system in the strongly
detectable zone of our model. We emphasise, however, that there is no
universal zircon-melt partition coefficient for water — it depends on the
melt P;,05 and REE content (De Hoog et al., 2014) - and that not all of
this zircon H need be REE-coupled, since Si- and Zr-vacancy sub-
stitutions also incorporate hydrogen (Cui et al., 2023; Section 5.6); the
200-800 ppm range is therefore indicative rather than a firm prediction.
The elevated D(La) values reported by Luo and Ayers (2009) - up to 0.95
- substantially exceed even our maximum model prediction (~0.1 at
maximum fy), which might suggest that kinetic boundary-layer enrich-
ment contributed in addition to the H" mechanism. Distinguishing the
relative contributions of these two processes would require re-running
the Luo and Ayers (2009) experiments with simultaneous SIMS
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measurement of [H,0] in the run-product zircon - precisely the exper-
imental design identified as the priority for future work in Section 5.7.

In contrast, the Burnham and Berry (2012) dry experiment, which
produced D(La) = 0.002 consistent with lattice-strain-only predictions,
anchors the zero-water end of the continuum. The factor-of-50 differ-
ence in D(La) between Burnham and Berry (dry) and Thomas et al.
(2002; hydrous, P-free; D(La) median ~ 0.05) points directly to the
H'-coupled mechanism as the most likely explanation for the hydrous
enhancement, given that P is below detection limits in the Thomas et al.
zircon dataset and kinetic effects are less likely in slowly growing nat-
ural crystals. Our model correctly identifies this as a region where the
mechanism should be active (temperature ~ 940 °C, melt HyO = 4-9 wt
%), though the large scatter in Thomas et al. partition coefficients (IQR
~1 order of magnitude per element) prevents a quantitative test.

5.3. The charge-balance approach versus REE pattern shape: what each
tells us

De Hoog et al. (2014) demonstrated that charge balance closure —
(H+ P)/REY ~ 1 on an atomic basis - provides the most direct evidence
for the coupled H*-REE3* mechanism. In 31 of 32 Vema spots,
Pmol < REYpe1, and Hpyel &~ REY 0] — Prol, establishing a near-perfect
stoichiometric relationship. The charge-balance proxy f$Pused here ex-
tends this approach by converting the REE excess fraction into a frac-
tional site occupancy that is directly comparable with the model output.

The coupled-substitution framework on which this competition rests
is independently supported by experiment. Grant and Wood (2010), in
olivine synthesis experiments at fixed melt composition, isolated the
charge-coupled mechanisms by which 1+ and 3+ cations are incorpo-
rated into a silicate lattice, establishing that such mechanisms are
resolvable only when compositional variables other than the trace ele-
ments themselves are held constant. For zircon, Shang et al. (2024)
experimentally showed that phosphorus abundance exerts opposite
controls on the zircon-melt partition coefficients of Al** and Li* while
leaving most other trace elements unaffected; because Al>* and Li* are
the cations whose uptake is most directly tied to local charge balance,
this is direct evidence that P availability governs the charge-
compensation of aliovalent cations on the Zr** site — the xenotime-
type accounting (REE®* + P = zr** + si*!) that, in competition
with H*, controls REE>" incorporation in the present model.

In the De Hoog dataset, f$® and independent water-based estimates
of fq correlate, demonstrating that charge balance and water content
recover the same underlying variable where the REE®*-H* mechanism
is active. The model therefore does not receive independent validation
from Nd/Lu alone; rather, it provides the quantitative translation be-
tween charge-balance language, water-content language, and REE-
pattern language, showing that all three converge on the same phys-
ical quantity: the fraction of Zr sites occupied by REE>T-H™ pairs.

Recent single-crystal compressibility work on zircon (Maitani et al.,
2025) shows that the elastic term in lattice-strain formulations is better
represented by local Zr—O bond compressibility rather than by Poisson-
solid estimates derived from site bulk modulus. Bond-scale moduli (e.g.,
~412-789 GPa for distinct Zr—O bonds) reproduce zircon-melt parti-
tioning more accurately than lower values inferred from polyhedral
compressibility, highlighting the strongly anisotropic and local nature of
elastic response at the substitution site. This supports the treatment of E
in the present defect-modified model as a local structural property of the
substitution environment, rather than a bulk or polyhedral average, and
reinforces the physical basis for distinguishing lattice and defect-site
elastic parameters.

The two approaches have complementary strengths. The charge-
balance diagnostic requires P to be measured at high precision along-
side REY, which is routine in SIMS but less reliable in LA-ICP-MS.
Phosphorus is monoisotopic (3'P), and that single mass is subject to
isobaric interference both in the background and during ablation;
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combined with the low ionization efficiency of phosphorus in an Ar
plasma and the typically low P concentrations in oceanic gabbro zircons,
this limits the precision attainable by LA-ICP-MS. The Nd/Lu ratio, by
contrast, is measurable with excellent precision in routine LA-ICP-MS
without any additional elements, making it the more practical tool for
applying the model to archived datasets. Streicher et al. (2023) noted
that LREE in zircon are generally poorly constrained in both experi-
mental and natural datasets due to their low concentrations and sus-
ceptibility to inclusion contamination - a caveat that applies to La and, to
a lesser extent, Ce and Pr. Nd and Lu are analytically more robust, which
is why Nd/Lu rather than La/Lu or Ce*/Lu is the primary observable of
the model.

5.4. The temperature-H=0 detection threshold in context of published
datasets

The detection threshold map (Fig. 4) can be used to interpret the null
results reported in published literature. Meng et al. (2021), studying
hydrous  granitoids from  southern Tibet with  zircon
[H20] = 58-920 ppm, reported no significant HO-Nd/Lu correlation.
Our model correctly predicts this: the Meng et al. samples have
Pmol > REYp0) in the majority of analyses, placing deB < 0 and making the
H" pathway unavailable regardless of [H»0]. This is a mechanism-
specific null result, confirming that the absence of a Nd/Lu signal
should not be interpreted as an absence of structural water in zircon - the
water may be present but coupled to Si- or Zr-vacancy mechanisms
rather than to REE substitution.

Xia et al. (2021), studying Gangdese granitoids, found [H20]1,;. up to
2339 ppm but also no HoO-REE correlation. The reason differs from that
in the Meng et al. dataset; Xia et al. identified a strong correlation be-
tween [H20] and Hf content (a proxy for magma evolution and cooling),
which means [H,0] and temperature co-vary systematically across
grains. Higher [HpO] grains are also lower-temperature grains with
higher D values for all REE; the temperature effect on DFEE~Pthus
partially mimics and partially cancels the defect-site effect, making the
net REE pattern signal uninterpretable. This illustrates an inherent
ambiguity of the approach, arising from the temperature dependence of
the Nd/Lu signal (Section 4.1): where [H20] and temperature co-vary,
as they commonly do in granitic systems during prolonged crystal-
lisation, the model cannot uniquely recover fy from REE patterns alone
without independent temperature constraints.

Gudelius et al. (2020) provide an instructive contrast. Their Bushveld
Complex zircons crystallised from melts with HyO =1.6-4.0 wt%
(measured directly in melt inclusions), comparable to the Thomas et al.
(2002) system, yet D(La) = 0.003 in their felsic samples — essentially
the lattice-only prediction of Burnham and Berry (2012), with no MREE
enrichment. Their zircons were not analysed for water, so they cannot be
placed on the detection-threshold map directly; instead they are diag-
nostic through their REE systematics. Although these zircons carry a
substantial rare-earth excess over phosphorus  (Pp/REY-
mol = 0.08-0.49, median 0.16, so xenotime substitution accommodates
only ~16% of the rare-earth budget on average), their REE patterns
remain lattice-like (fg ~ 0). The defect signal is thus absent despite both
appreciable melt water and a large charge-balance excess. This indicates
that the excess REES™ is compensated by a mechanism other than H* —
in granitic zircon most plausibly interstitial AI*" (Hoskin and
Schaltegger, 2003), although Al was not determined in the Gudelius
zircons. These zircons therefore exemplify the regime, analogous to the
Xia et al. (2021) dataset (Section 4.3), in which a charge-balance excess
exists but the H"-coupled mechanism is inactive, so the model does not
apply. The contrast between De Hoog (mechanism active, signal pre-
sent), Thomas (mechanism expected but signal unresolvable due to data
quality), and Gudelius (mechanism inactive despite high melt water)
illustrates both the utility and the limits of the framework as a pre-
screening tool.
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5.5. The REE3*_H' mechanism and the Zou et al. (2019) La threshold

Zou et al. (2019) proposed La < 0.1 ppm as an empirical criterion for
identifying inclusion-free zircon, based on 7626 natural zircon analyses
from the GEOROC database. Their argument rested implicitly on the dry
lattice-strain model: Dggg_p(La) ~ 0.004 at typical igneous temperatures,
so even at Lap,jr = 25 ppm only 0.1 ppm La should enter the lattice. Any
La above this was attributed to sub-micron inclusions of La-rich phases
(monazite, allanite, apatite).

The present model refines this picture by showing that La,,. depends
on both melt composition and defect-site occupancy. At low f4 the sys-
tem collapses to the classical lattice-strain limit, whereas increasing fq
progressively elevates Dy(La) and can raise La,.. above the dry-lattice
prediction without requiring inclusions (Fig. 5). The relevant test is
therefore not a single fixed ppm threshold, but whether an observed
Lag,. is consistent with the combination of Lane)s and a plausible defect-
site fraction for the system of interest.

The Zou threshold is therefore not a universal inclusion-free crite-
rion; it is an approximation valid specifically for dry or P-saturated
systems where Dyo(La)~ Drgg p(La). In hydrous, P-undersaturated
melts it can be exceeded by lattice-bound La, and misidentifying such
grains as contaminated would discard geochemically meaningful data. A
physically grounded criterion would instead test whether the observed
Lag is consistent with Dy(La, T, [H2O]) x Lapel;, which requires
knowledge of temperature, water content, and melt La concentration.
Where these are available, the Zou threshold should be replaced by this
system-specific test.

For typical MORB-affinity or depleted granitic melts
(Lamelt < 1 ppm), the Zou threshold remains a conservative practical
guide. For enriched granitic, alkalic, or carbonatitic systems with
Lamelt > 2 ppm, the threshold becomes unreliable even at modest fg, and
the REE3'-H" mechanism cannot be ruled out as a source of
La > 0.1 ppm in genuinely inclusion-free grains.

5.6. Implications for quantitative water reconstruction from zircon REE

The charge-balance approach of De Hoog et al. (2014) established
that zircon water content cannot be simply used to reconstruct melt
[H20] without knowledge of P and REE in the melt, because the equi-
librium partitioning of H, P, and REE into zircon is interdependent. The
present model formalises this interdependence: fq=[H2Olgrgr/
([H2Olggg + Ho), where [H2Olggg is the component specifically coupled
to REE3" rather than total structural water.

Cui et al. (2023) extended this picture further, demonstrating on ten
natural megacrystic zircons that in most samples >62% of total [H0] is
accounted for by Si-vacancy (3385/3420cm™!) and Zr-vacancy
(3200 cm™H substitutions, independent of REE. This has a direct
bearing on the applicability of Eq. (7): where vacancy mechanisms
dominate, [HyOlotal substantially exceeds [HoOlrgg, and using total
[H20] as input to the Langmuir function overestimates fy. Strikingly, the
Vema gabbro zircons studied by De Hoog et al. (2014) showed the
opposite behaviour - the 3100 cm ! band dominated, 3385,/3420 cm ™!
bands were absent, and [HyO]rgg ~ [H2Oltotal - precisely the conditions
required for Eq. (7) to be valid without correction. Following De Hoog
et al. (2014), this likely reflects the high silica activity of the evolved,
zircon-saturated gabbroic system, which suppresses the Si-vacancy
(hydrogrossular) substitution; that mechanism is favoured instead at
low silica activity, as in kimberlites and in olivine. High-aSiO- granitic
melts likewise suppress hydrogrossular, so correction is needed there not
because of Si vacancies but because of the REE-independent Zr-vacancy
substitution (Zr*" = 4H; the 3200 cm ™! band of Cui et al., 2023), which
is not governed by silica activity, and because of radiation-damage
water in older grains — both of which raise [HyOlota1 above [HoOlRgE.

Trail et al. (2011) synthesised Lu-doped hydrous zircon and found
that undoped zircon contained ~188 ppm H,O (at 1650°C) from
hydrogrossular substitution alone - a baseline that the REE-doped
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Fig. 7. Identifiability and integrated constraints on defect-site parameters.
Contours map the Nd/Lu misfit over the defect-site optimal radius ri= ™ and
elastic modulus ER*:H revealing an elongated minimum, a family of solutions
that produce comparable fits to the De Hoog dataset. Contour labels give the
Nd/Lu misfit minimised in the grid search (lower values indicate a better fit),
drawn at intervals of 0.6. Points indicate independently derived solutions from
weighted global optimisation (WGO; a=0.5) and within-grain + peak-
constrained inversion. The shaded band represents the range of modest site
expansion consistent with first-principles studies of REE-H defects in zircon.
For reference, the dry REE-P site lies at P — 0.9445A and
EREE-P — 517 GPa, to the left of the plotted radius range, so the REE-H site is
both expanded in optimal radius and elastically softer than the REE-P site, as
expected for a hydrous, charge-compensated substitution. The convergence of
these independent constraints restricts the admissible solution space to a nar-
row region near ra*" 1 ~ 0.98-0.99 A, demonstrating that the defect-site radius
is well constrained while the residual uncertainty lies chiefly in ERE®™H which
the Nd/Lu ratio constrains only weakly.

mechanism sits on top of, not instead of. This baseline hydrogrossular
contribution, parameterised by Balan et al. (2013) as the dominant
mechanism for crystalline (non-metamict) zircons, implies that any
attempt to use [H2Oltoral to estimate fg must account for the hydro-
grossular background before interpreting the remainder as REE-coupled.
In the De Hoog calibration zircons this background was negligible - their
spectra are dominated by the 3100 cm™! (REE-coupled) band with the
hydrogrossular bands essentially absent, so [H2Olota] = [H2Olgrgg; in
zircons where hydrogrossular OH is significant the correction would be
substantially larger.

5.7. Outstanding requirement: experimental calibration across
temperature and composition

Streicher et al. (2023) systematically compiled zircon-melt Dgrgg
values across 39 datasets and established the ro-E constraint and Do
temperature dependence adopted for the lattice site parameters in this
study. A key conclusion of Streicher et al. is that the temperature
dependence of DREE-Pis well-established but that no systematic pressure
dependence is apparent from available data. Critically, they also noted
that LREE are poorly constrained in virtually all datasets — the very
quantities that are most sensitive to the defect-site mechanism - due to
their low concentrations and analytical detection challenges. Our initial
unconstrained Nd/Lu optimum yields DREE-H= 344.5, but the weighted
global optimisation and within-grain inversions show that the main
persistent uncertainty is not simple lack of signal but covariance be-
tween rR¥~Hand Eggg_n (Fig. 7). The existing data constrain the defect-
related enrichment to be centred in MREE radius space, yet the exact La-
side tail remains weakly resolved because La, Ce, and Pr are the least
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precisely determined elements.

This situation is unlikely to improve without purpose-designed ex-
periments in which: (a) the full REE suite from La to Lu is measured in
both zircon and coexisting melt; (b) melt [H20] is systematically varied
from O to >5wt% in a single, controlled compositional series; and (c)
[H20] in the run-product zircon is measured directly by SIMS or FTIR.
None of the three available experimental datasets — Burnham and Berry
(2012), Rubatto and Hermann (2007), Luo and Ayers (2009) - satisfies
all three criteria simultaneously. Until such a dataset exists, rRZE-Hwill
remain empirical and partially model-dependent. The present dataset
robustly calibrates Nd/Lu and the general MREE-centred geometry of
the defect site, but absolute LREE predictions should still be regarded as
semi-quantitative rather than precision estimates.

6. Conclusions

We present the first physically grounded, calibrated two-population
lattice strain model for the REE>*-H* coupled incorporation mechanism
in zircon. The principal findings are as follows.

1. The bulk partition coefficient is expressed as a weighted sum of
contributions from the ideal ZrOsg site and a defect site that is only
modestly enlarged relative to the ideal ZrQOg site. Initial Nd/Lu cali-
bration gives rifE-H= 0.9916 A, Epppy = 592.1 GPa, and DREE-H_
344.5, whereas combined weighted global optimisation, within-
grain REE-pattern inversion, and DFT-consistent site expansion
favour an effective radius near rR¥¥—H ~ 0,984 A with an admissible
envelope of approximately 0.975-0.993A. The physically con-
strained defect-site parameters used in Figs. 2 and 3 and Table S1 —
ro = 0.9857 A, E=490.1 GPa, and Do =40.58 - lie within this en-
velope; their lower E and Dy relative to the unconstrained fit reflect
the ro—E-Dg trade-off (Section 3.3), under which many parameter
combinations reproduce the Nd/Lu data. The model reduces exactly
to the classical single-parabola formulation when fq=0.

2. Calibration of defect-site parameters against 32 SIMS spots from
Vema Fracture Zone gabbro zircons gives RMSE = 0.154 log; units
with no systematic offset between predicted and observed Nd/Lu.
The within-grain [HyO]-Nd/Lu covariation in grain L16 (17-fold
[Ho,O] decrease, 5-fold Nd/Lu decrease, flat Yb/Lu) constitutes
causal evidence for the mechanism with Nd/Lu tracking [H2O]
rather than the covarying temperature. Supplementary within-grain
pattern-shape constraints further show that the defect-related
enrichment is centred in the Nd-Sm-Gd region, explaining why
Nd/Lu is the most robust primary observable of the model.

3. A quantitative detection threshold in temperature-[H20] space de-
fines the conditions under which the REE3*-H™ signal in Nd/Lu is
resolvable above geological noise. Two published systems (De Hoog
et al. (2014), above threshold; Thomas et al. (2002), above threshold
but unresolvable due to absent zircon H20) fall where the model
predicts, whereas the Gudelius et al. (2020) granitic zircons exem-
plify a contrasting regime in which the H"-coupled mechanism is
inactive — their REE patterns remain lattice-like despite melt water
comparable to systems where the mechanism operates.

4. The REE3*-H' mechanism can produce La.>0.1ppm through
genuine lattice incorporation in hydrous, P-undersaturated systems.
The model predicts that the REE>*-H" mechanism can elevate La
above classical lattice-strain predictions under sufficiently high
defect-site occupancy, demonstrating that the empirical threshold of
Zou et al. (2019) reflects a low-fq limit rather than a universal indi-
cator of inclusion contamination. The Zou et al. (2019) La < 0.1 ppm
threshold is therefore not a universal inclusion-free criterion; it is a
valid approximation specifically for dry or P-saturated systems
where Diy(La) ~ Drgg_p(La). In hydrous P-undersaturated melts it
can be exceeded by lattice-bound La. A physically grounded criterion
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requires testing whether observed La,, is consistent with Dy(La, T,
[HoO1) x Lamelt rather than applying a fixed ppm threshold.

5. The charge-balance proxy f$®= (REY — P)/REY, recoverable from
standard LA-ICP-MS data, provides an estimate of defect-site occu-
pancy that correlates with water-based estimates where the REE>*-
H'" mechanism is active. However, f$? assumes that P> and H' are
the only significant charge compensators. Where a third mechanism
operates, as in the Gudelius et al. (2020) zircons where it is inferred
to be interstitial AI®*, ffBoverestimates the H-coupled fraction, and
at present this can be recognised only from the lattice-like shape of
the REE pattern. Until the conditions controlling such competing
mechanisms are established, forward modelling of REE partitioning
requires either independent confirmation of H' coupling (e.g. by
FTIR) or measurement of competing compensators such as Al.

6. The calibration is based on a single natural dataset (De Hoog et al.,
2014), in which melt composition, ario, asio, and ap,o are not
independently constrained; calibrating on intra-zircon Nd/Lu,
together with the fixed-melt L16 transect, mitigates but does not
remove this limitation. Experimental calibration, and additional
natural zircons with measured H, P and Al, are required to test the
model beyond this system.

The model is applicable specifically to P-undersaturated, hydrous,
low-temperature magmatic zircons confirmed free of competing charge
compensators - conditions met in oceanic lower-crustal systems such as
the Vema gabbros, but not where xenotime substitution dominates the
REE charge balance, most notably in the P-rich S-type (peraluminous)
granites (Burnham and Berry, 2017). The central quantitative result -
that H*-coupled incorporation saturates below the Zou et al. (2019)
inclusion-free threshold in typical melts - clarifies the interpretation of
LREE anomalies in natural zircon and defines where the mechanism is,
and is not, a plausible explanation for observed concentrations.
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